Modification of the hard jet substructure in terms of the Soft Drop jet grooming algorithm observables is studied for three different scenarios of jet quenching in a quark-gluon plasma: i) an explicit enhancement of the parton splitting functions, ii) increased soft gluon emissions induced by an in-medium virtuality gain, and iii) energy loss due to a drag force. Despite the fact that first two scenarios both correspond to a radiative energy loss mechanism and lead to similar modifications of parton showers, they are shown to have very different impacts on the momentum balance of hard subjets. Simulations for heavy-ion collisions based on the second scenario are presented and found to be in a good agreement with the experimental data.
I. INTRODUCTION
The suppression of the jet yield in heavy-ion collisions with respect to the reference measured in proton-proton collisions due to the partonic energy loss in the quarkgluon plasma (QGP) is a well-established phenomenon both at RHIC and LHC; see [1] for a recent review. While the measurement of jet quenching in terms of the nuclear modification factor is essential for inferring the QGP transport coefficients, it contains a limited amount of information. Among numerous ingenious approaches to probe the physics of the jet-medium interaction in more detail are studies of jet substructure. Recently, a number of novel jet substructure techniques, initially developed for particle physics applications, were adopted by the heavy-ion community, including the characterization of the hard jet substructure with the Soft Drop (SD) algorithm [2, 3] . In this approach, a reconstructed jet is re-clustered with the Cambridge/Aachen (C/A) algorithm [4, 5] , resulting in an angular-ordered tree of jet splittings. The SD algorithm iterates backwards in the C/A clustering history, dropping soft jet branches, until a sufficiently hard splitting is identified. At each iteration, the SD algorithm tests the following condition for the splitting formed by the two subjets with transverse momenta p T 1 and p T 2 :
where ∆R 12 is the angular separation between two subjets, R is the jet radius, z cut and β are SD parameters. If condition (1) is fulfilled, the hard splitting is identified successfully, and the terminal z and ∆R 12 values (referred to as z g and R g ) represent the main SD observables of interest.
In the following we constrain the discussion to the version of the SD algorithm with the parameter β set to zero. In that case, for proton-proton collisions, the z g distribution is shown [3, 6] to be linked to the symmetrized parton splitting function:
whereP (z) = P (z) + P (1 − z).
In proton-nucleus collisions, preliminary results have been reported by the ALICE collaboration [7] . The z g distribution has been measured in p-Pb collisions at √ s = 5.02 TeV for charged jets in the kinematical range 60 < p T < 120 GeV/c. The preliminary spectra for minimum-bias collisions were shown to be consistent with the pythia6 [8] (the Perugia 2011 tunes [9] ) simulations.
In heavy-ion collisions a measurement of the z g distribution was reported by the CMS Collaboration [10] in the kinematical range 140 < p T < 500 GeV/c. For the most central (0 − 10%) Pb+Pb collisions at 5 TeV a significant modification of the z g distribution was observed with respect to the reference spectrum measured in proton-proton collisions. An important aspect of this analysis is a cut on the angular separation of two hard subjets, ∆R 12 > 0.1, required by the limited spatial resolution of the calorimetry. These results ignited tremendous interest, a number of interpretations has followed [11] [12] [13] [14] , and is growing rapidly. At RHIC, z g was measured by the STAR Collaboration in pp and Au+Au collisions at 200 GeV [15] . Preliminary results show that the z g distribution is not modified in contrast to the CMS results.
While in proton-proton collisions the meaning of the Soft Drop grooming/tagging procedure and the analytical behavior of the z g distribution are well understood, the case of heavy-ion collisions and quenched jets is much more complicated. Indeed, a number of theoretical approaches are consistent with the recent measurements, while being based on very different concepts: from medium-modified splitting functions [11] to the jetinduced medium response [13] . This work further explores the behaviour of the SD observables employing different Monte Carlo implementations of jet quenching. The study is based on the publicly available jetquenching model YaJEM [16, 17] . YaJEM itself is a mod-ification of the pythia6 parton shower routine pyshow [18] [19] [20] , incorporating three scenarios of the in-medium partonic showers. These are: i) FMED, based on the explicit modification (enhancement) of the parton splitting functions, ii) RAD, wherein the jet energy is lost via multiple soft gluon emissions induced by a virtuality gain by the shower partons, and iii) DRAG, wherein momentum and energy loss due to a drag force are implemented.
The paper is organized as follows. Section II introduces three conceptually different implementations of jet quenching and discusses their effect on the SD observables for a sample of jets initiated by a fixed-energy parton propagating in a QGP. Section III presents a full simulation of the z g modification in heavy-ion collisions, based on the most successful configuration of YaJEM, and is followed by Conclusions.
II. IN-MEDIUM PARTON SHOWERS AND SOFT DROP OBSERVABLES A. Vacuum jets
First, a sample of particle-level vacuum jets initiated by a 180 GeV gluon as simulated with pythia6 is considered. The p T -spectrum of the leading jets reconstructed with the anti-k T jet clustering algorithm with jet radius R = 0.4 using FastJet [21] is shown in Fig. 1 (solid curve). Figure 2 (left, top) shows the two-dimensional distribution of the hard splittings, identified by the SD algorithm (β = 0, z cut = 0.1), in the (z g , R g ) plane. As expected [3] and measured in proton-proton collisions [6] , the distribution is peaked at low z g and R g values, reflecting the corresponding singularities of quantum chromodynamics.
A remark on the difference between quark and gluon jets in the context of the SD observables is necessary.
While the z g distribution is approximately the same for quark-and gluon-initiated jets, the R g -distributions are very different. Gluon jets, being broader, are characterized by a much broader R g distribution. For example, given the sample of leading vacuum jets initiated by partons with a fixed momentum of 180 GeV, while ≈ 63% of gluon-initiated SD-tagged jets pass the requirement of ∆R 12 > 0.1, only ≈ 33% of quark jets survive this cut. It can be expected, therefore, that also in heavyion collisions, any chosen ∆R 12 cut enhances the fraction of gluon jets. The exact strength of this additional bias is controlled by the in-medium modification of the quark/gluon R g -distributions.
In the following we will assess the effect on the Soft Drop observables, in particular the (z g , R g ) landscape, of the different implementations of the jet quenching for a stand-alone setup: jets initiated by gluons with a fixed initial energy of 180 GeV, which traverse a fixed trajectory in the expanding QGP environment. The resulting transverse momentum spectra of quenched jets as simulated with three different models are shown in Fig. 1 . For each model, the strength of the quenching is deliberately chosen to ensure comparable average jet energy losses.
Similar comparative studies of different in-medium parton shower implementations for conventional jet quenching observables and selected jet shapes were performed in [17] and [22] , respectively.
B. FMED
In the FMED scenario, the parton splitting functions are modified by enhancing their singular parts following the approach proposed in [23] . For example, the gluon splitting function (g → gg) becomes
where a free parameter f med controls the strength of the modification, f med = 0 restores the vacuum splittings.
For the quenched jet sample the parameter f med is set to 0.42. The resulting distribution of the SD-identified hard splittings in the (z g , R g ) plane is shown in Fig. 2 , top right. A significant increase of large R g configurations is observed: ≈ 78% of tagged jets are located in the region R g > 0.1. This is a direct consequence of the parton shower broadening due to the increased splitting probability. The ratio of the z g distributions (FMED/vacuum) is plotted in Fig. 3 , left panel. A slight increase of the ratio at z g ∼ 0.5 is observed. This effect is partially driven by a small change in the shape of the medium-modified splitting function as illustrated in Fig. 4 , where the ratios of normalized and symmetrized splitting functions (FMED/vacuum) are shown for different values of f med . Given the overall small magnitude of the z g modification in the FMED scenario, no significant dependence on the ∆R 12 cut is observed (cf. dashed and dotted curves in Fig. 3 , left panel).
C. RAD
In the RAD scenario each parton of the shower acquires additional virtuality while propagating in the QGP (cf. [17] for the details of the implementation). The transport coefficientq quantifies the virtuality gain per pathlength and is assumed to be related to the local energy density ǫ:q
where κ is a free parameter regulating the partonmedium coupling and ξ is the space-time coordinate. The splitting functions are not modified in this scenario. Instead, the gain in the virtuality affects the kinematics of the shower and opens the phase space for copious soft gluon emissions, resulting, very similar to the previously considered FMED scenario, in a softening and broadening of the partonic shower.
The distribution of hard splittings in the (z g , R g ) plane for the RAD sample is shown in the left bottom panel of Fig. 2 . Analogous to the FMED scenario, the broadening of the parton shower is reflected in an increase of the large-R g configurations (≈ 70% of the entries satisfy the R g > 0.1 condition). The ratio of the z g distributions (RAD/vacuum) is shown in Fig. 3 , central panel. This implementation of jet quenching leads to an enhancement of the SD-identified hard splittings located at low-z g (z g ≈ 0.1 − 0.2) values, reflecting the angular and momentum structure of medium-induced soft emissions. In comparison to FMED, in the RAD scenario the softer branch of the hard splitting is characterized on average by a larger number of constituents and their softer transverse momentum distribution. These two fea- tures in combination lead to a pronounced enhancement of the low-z g configurations. Within the RAD scenario the strength of the z g modification distinctly depends on the ∆R 12 selection, and the innermost splittings of the jet are less affected. Indeed, a ∆R 12 > 0.2 (∆R 12 < 0.2) cut leads to an increased (decreased) magnitude of the z g modification as seen in Fig. 3 , central panel.
D. DRAG
The most trivial case in terms of the z g modification is the drag force scenario, in which the momentum (and energy) of each parton in the shower is reduced according to:q
As for the previously discussed models (FMED and RAD), the consequences of the DRAG approach for the SD observables are shown in Fig. 2 and Fig. 3 . The hard substructure of jets quenched within the drag force model is essentially unmodified, only a minor suppression of the large-z g configurations is observed.
III. Zg MODIFICATION IN HEAVY-ION COLLISIONS: YAJEM-DE
So far, three scenarios of jet quenching as implemented in the YaJEM code have been introduced. In practice, YaJEM allows one to perform simulations within any combination of these scenarios. The most successful version of the code is YaJEM-DE, introduced in [24] and tested against a large body of jet-quenching observables, e.g. [25] [26] [27] . This model is based on the RAD scenario (soft gluon emissions due to the in-medium virtuality gain, cf. II C) with a small (∼ 10%) contribution of elastic energy loss (as constrained by the di-hadron correlations measurement [24] ), modeled with the DRAG model (cf. II D).
Here we outline our implementation of the simulation workflow with YaJEM. The first prerequisite for the simulations is the space-time evolution of the QGP energy density, necessary for the treatment of the parton propagation, according to Eq. 4. For this study, we employ a Bjorken-like longitudinal expansion model to simulate the evolution of the QGP created in Pb-Pb collisions at 5 TeV. In the next step, YaJEM-DE simulations are performed for all possible trajectories of hard-scattered partons. Finally, in the analysis stage, a weighting procedure is applied that takes into account: i) the transverse distribution of the hard-scattering vertices according to the overlap function of two nuclei, and ii) the quark/gluon parton fractions and energy distributions. The only free parameter in the YaJEM-DE simulations is the coefficient κ in Eq. 4 (as the ratio κ/κ E is fixed to 0.8/0.1 [24] ). It is chosen such that the simulations reproduce The ratio of the z g distributions reconstructed in PbPb collisions to the pp distributions as simulated with YaJEM-DE is shown in Fig. 5 . A ∆R 12 > 0.1 cut is applied for the comparison with the CMS results. Similar to the stand-alone simulations within the RAD scenario (cf. II C), the ratios of the z g distributions show a slight enhancement in the low-z g region and suppression at large z g values. Apart from one p T -bin (200 < p T,jet < 250 GeV/c), YaJEM-DE simulations describe the experimental data very well. For the discussed simulations, the ∆R 12 > 0.1 cut has a major effect. Indeed, simulations without this cut, i.e. accepting all R g configurations, reveal only a very weak modification in the z g ratios, resulting in a poor agreement with the data, whereas an increase of the angular separation cut to a larger value, ∆R 12 > 0.2, leads to a slightly increased modification, following the observations drawn from the stand-alone RAD simulations (cf. Fig. 3, central panel) .
IV. CONCLUSIONS
This work explored how three different concepts of the in-medium parton shower modification-all implemented within the YaJEM code-are reflected in the Soft Drop observables, in particular in the (z g , R g ) plane, where each considered implementation of jet quenching is shown to leave a unique footprint.
Two different implementations of radiative energy loss, FMED and RAD, lead to an increase of the large-R g configurations; this is a general feature of any jet-quenching model that broadens parton showers. The impact on the z g distribution is, however, specific for each of the scenarios. While for the FMED scenario the distribution shows an increase at large z g values, an opposite trend is observed for the RAD model. Simulations for heavyion collisions, based on the RAD scenario, are shown to be consistent with the recent CMS measurement. An almost negligible modification is observed for the drag force scenario DRAG, which approximately preserves the hard substructure of a jet, at least in the considered kinematical range.
The quantitative characteristics of the soft radiation (or, more generally, of any other substructure-altering mechanism) are imprinted in the (z g , R g ) landscape of the Soft Drop tagged jets. While a complete triplydifferential measurement of groomed jets (p T , z g , R g ) is a formidable experimental undertaking, such measurement for 2-3 broad R g bins is feasible and essential to constrain the swiftly growing number of analytical and Monte Carlo calculations that are largely compatible with the experimental data.
This work is restricted to the exploration of the novel class of the Soft Drop observables. Clearly, a larger set of jet substructure observables would further challenge the models of the in-medium jet modification. In fact, one particularly important constraint is imposed by a recent jet mass measurement in heavy-ion collisions [28] . While the class of jet quenching models with the enhanced soft emissions, such as YaJEM-DE, is comparable with the z g measurement by the CMS collaboration, such models by construction tend to predict an increase of the jet mass in medium, contrary to the experimental findings.
Both experimental measurements and theoretical calculations concentrated so far on the simplest version of the Soft Drop algorithm, namely setting the β parameter in Eq. 1 to zero. Performance of the β = 0 setting for the case of quenched jets, and potential benefits of it in terms of the sensitivity to a particular aspect of jet quenching, are yet to be explored.
